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Introduction
Solid oxide fuel cells (SOFCs) are an interesting source of renewable energy because they can provide energy that is both clean and efficient. For these reasons, fuel cells attract much interest as a solution for future energy needs. However, current SOFCs operate in the high temperature range, 800-1000
• C which is not ideal for many applications. The goal of this project is to reduce the operating temperature to the intermediate temperature range, about 600-800
• C. 1 Lowering the operating temperature would offer several advantages. The first advantage is that lower operating temperatures allow for more small scale applications.
2,3 While current solid oxide fuel cells can be used for applications such as providing energy for buildings, a smaller length scale application would be fueling transportation vehicles. Also, it allows for a wider range of materials to be used. 1 Additionally, lower temperatures allow the fuel cells to start and stop more quickly 1 and allow a longer time before they need to be recharged.
2
There are demanding challenges with lowering the operating temperature of SOFCs. The first is that the materials currently being used for the electrodes do not necessarily have the same high conductivity and redox activity at lower temperatures. 3, 4 Consequently, materials that are highly conductive at lower temperatures need to be found for the electrodes. The second challenge is that lowering the temperature increases the ionic resistance in the electrolyte. 3, 4 This keeps the electrolyte from transporting the oxygen ions efficiently from the cathode to the anode. Therefore, this work focuses on the problem of the efficiency of the electrolyte.
To allow the fuel cell operating temperature to be lowered without losing electrolyte efficiency we could decrease the thickness of the electrolyte layer.
ZrO 2 was studied because Yttria-stabilized zirconia (YSZ), which is an important electrolyte material, will be later studied and before trying to dope the zirconia with yttria it was important to first look at the deposition of only zirconia. YSZ has been widely considered as a solid-state electrolyte for SOFCs because of its high oxide ion conductivity and good stability. 5 In this study, ZrO 2 was atomic layer deposited using ZyALD precursor. The study of ZrO 2 deposition is important for the further investigation of YSZ from ZyALD and other zinc precursors.
In this study, the electrolyte layer is fabricated by atomic layer deposition (ALD), which has been identified as one of the preferred techniques for thin film deposition, especially in the semiconductor industry.
6,7 ALD is a method that allows precise control of layer thickness by depositing the material one atomic layer at a time and it can be used with many materials which allows for a large variety of applications. 7 The custom-designed and built reactor that was used for this work is also capable of chemical vapor deposition. However, ALD was chosen because it allows precise thickness control by lim- FIG. 1: A schematic of the ALD reactor (viewed from the front) used to deposit the zirconium oxide thin films on silicon (100) substrates.
iting growth to a monolayer at a time. ALD will be used to deposit layers of zirconium oxide from atomic to bulklike thickness. The electrochemical properties will then be tested and compared to the thickness of the electrolyte in a later study.
Experimental
The atomic layer deposition (ALD) was carried out using a custom-made hot wall ALD reactor, which is shown schematically in Figure 1 . The metal precursor was kept in a stainless steel vessel, which is labeled as the bubbler in Figure 1 . During the precursor pulse step, the precursor was carried into the reactor chamber using Ar carrier gas. In the reactor chamber, it was able to react with the surface of the silicon substrate. The oxidant that was used was 1000 ppm O 3 and was provided by O 2 passing through a UV lamp. The oxidant was also purged with Ar gas, which is illustrated in Figure 1 . Pneumatic valves, which are also shown in Figure 1 , are operated by a computer to control the duration of the pulses and purges of both the zirconium precursor and the oxidant.
The ZrO 2 was deposited, through ALD, on silicon (100) substrates.
The silicon (100) substrates (15 x 20 mm) were first cleaned by thoroughly rinsing with deionized water and then drying with N 2 (99.998% ). Each substrate had a native oxide layer of about 7Å of SiO 2 , as measured with the spectral ellipsometer (J. A. Woollam Co., Inc., model M-44, Lincoln, Nebraska, USA). The zirconium precursor used was Tris(dimethylamino)cyclopentadienylZirconium (ZyALD), provided by Air Liquide.
Except for during the study of determining the temperature window, the reactor chamber was kept at 300
• C and 500 mTorr. The temperature was chosen to be 300 • C because it was reported as the preferred deposition temperature of the metal precursor:
Tris(dimethylamino)cyclopentadienylZirconium (ZyALD). 8 The ZyALD reservoir was kept at 50 • C and 10 torr. The zirconium oxide was deposited in layers of different thickness on the silicon substrates. After deposition, the thickness of the zirconium oxide layers was measured using a spectral ellipsometer.
Results and Discussion
First, we had to determine the durations for the four steps of ALD: precursor pulse, precursor purge, oxidizer pulse and oxidizer purge. To determine the durations, the temperature and pressure of both the reactor and bubbler were kept constant. The durations of the three steps that were not being tested were kept constant as well. The results were then plotted to determine the appropriate durations to be used for future deposition. The results were plotted by measuring three points on each sample and taking the average of the measured thicknesses. The thickness of samples was measured by using the ellipsometer. The error bars that are shown were calculated by using the standard deviation of these three measurements mentioned above. Vertical bars represent uniformity of the films which is seen to be good as typically observed in an ALD process. Figure 2 , shows a plot where the duration of the precursor pulse was varied. The precursor purge, oxidizer pulse and oxidizer purge durations were kept constant at 20, 1.5 and 17 s respectively. From this plot it is evident that less than 5 s is too short of a time for the precursor to pulse. When the duration of the precursor pulse is less than 5 s, the ALD rate was lower than 0.8Å/cycle (Figure 2 ) because the pulse time was not long enough to allow for enough precursor to enter the reactor chamber and saturate the surface of the substrate. In contrast,
FIG. 2:
The precursor pulse times compared to the growth rates for zirconium oxide on silicon substrates at 300
• C. The precursor purge, oxidizer pulse and oxidizer purge durations were kept constant at 20, 1.5 and 17 s, respectively. Each time 40 cycles were run.
FIG. 3:
ALD rate dependence on the precursor purge duration at 300
• C . Plot of varying precursor purge times and their effect on the growth rate at 300
• C. The precursor pulse, oxidizer pulse and oxidizer purge durations were 6, 1.5 and 17 s, respectively. Each time 40 cycles were run.
when the precursor pulse lasted for 5 s or longer the ALD rate is found to be consistently around 0.8Å/cycle, the error was calculated using the standard deviation of the growth rates for the samples run at 5 and 6 s and was only 0.001Å/cycle. This suggests that there was enough precursor to react with the entire surface of the substrate during each cycle. The next ALD step that was looked at was the precursor purge duration. The method used here was the same as the method that was used to look at the precursor pulse duration. All variables were kept constant except for the precursor purge duration, which was varied. The precursor pulse, oxidizer pulse and oxidizer purge durations were 6, 1.5 and 17 s respectively for every sample. As shown in Figure 3 , the average growth rate conforms to about 0.8Å/cycle at and after a precursor purge time of about 7 s. The error was calculated to be 0.002Å/cycle using the standard deviations of the growth rates when the purge time was 7 s or longer. The growth rate is larger than 0.8Å/cycle when the purge time is less than 7 s (Figure 3 ) because it does not allow enough time for the residual precursor to be purged from the system. When the precursor was purged for 7-13 s the entire amount of the residual precursor had been purged so that only the precursor that reacted with the surface layer of the substrate remained. This was evident because the growth rate was close to constant at around 0.8Å/cycle.
The data for the oxidizer pulse duration is shown in Figure 4 . For these experiments, the oxidizer pulse duration was 0.5, 1 or 1.5 s. At the same time, the precursor pulse, precursor purge and oxidizer purge durations were kept constant at 6, 10 and 17 s, respectively. The re-FIG. 4: Shows varying oxidizer, which was ozone, pulse times compared to the growth rates at 300
• C. At the same time, the precursor pulse, precursor purge and oxidizer purge durations were kept constant at 6, 10 and 17 s, respectively. Each time 40 cycles were run. sult of this was that all three oxidizer pulse durations, mentioned above, were long enough for the oxidant to completely oxidize the surface layer. This was evident because during all three trials the growth rate conformed to 0.81 ± 0.01Å/cycle. The error was calculated using the standard deviation of the growth rates for these trials.
Lastly, the oxidizer purge duration was varied to find the required time to purge the oxidizer completely. The data for this step is shown in Figure 5 . In this case, the precursor pulse, precursor purge and oxidizer pulse were kept constant at 6, 10 and 1 s, respectively. From Figure 5 , it is evident that for all three trials the growth rate conformed to 0.83 ± 0.02Å/cycle, the error was calculated by using the standard deviation of the growth rates of these trials. This shows that 13 s was long enough for the oxidant to be purged.
Next, the temperature window for ALD of ZyALD was determined using the pulse and purge times that seemed adequate from the data presented above. The durations used were 6, 10, 1 and 15 s for the precursor pulse, precursor purge, oxidizer pulse and oxidizer purge steps respectively. The results of varying the temperature from 100 to 350
• C are illustrated in Figure 6 . The growth rate appeared to be self-limiting, at 0.77 ± 0.04Å/cycle, from about 175 to 300
• C. In this case the error was calculated by using the standard deviation of the growth rates within the range of 150-300
• C. Below this range precursor condensation caused the growth rate to be higher than 0.8Å/cycle. Also, above this range the growth rate was significantly higher 0.8Å/cycle because of precursor decomposition. This is similar to what Niinisto, et al. 8 found, their work showed a study from 250 to 400
• C with almost the same growth rates, within this range.
FIG. 5:
The oxidizer purge times were varied and plotted against the growth rates at 300
• C. In this case, the precursor pulse, precursor purge and oxidizer pulse were kept constant at 6, 10 and 1 s, respectively. Each time 40 cycles were run.
A main difference between the work done for this paper and the work of Niinisto, et al. 8 is the ozone source. The ozone source used in their work was 5 % ozone, whereas the ozone source used for the results in this paper was 0.1 % ozone.
Since the results of the temperature window proved that 300
• C was most likely a stable temperature, multiple samples were run at 300
• C for a varying number of cycles. The precursor pulse, precursor purge, oxidizer pulse and oxidizer purge times at 6, 10, 1 and 15 s, respectively. The results of the varying cycle numbers are graphed in Figure 7 , which shows a linear trend for thickness vs. number of cycles, which is characteristic of ALD. This trend can be used to vary the thickness of the oxide FIG. 6: The temperature window was determined by depositing ZyALD on silicon substrates at temperatures from 100 to 350
• C. The durations used were 6, 10, 1 and 15 s for the precursor pulse, precursor purge, oxidizer pulse and oxidizer purge steps respectively.
Each time 40 cycles were run.
FIG. 7:
There is a linear relationship between the number of cycles run and the thickness. Samples were run while holding the reactor at 300
• C and the bubbler at 50
• C, and the precursor pulse, precursor purge, oxidizer pulse and oxidizer purge times at 6, 10, 1 and at least 13 s, respectively.
layer, so that the thickness can later be compared to the electrochemical properties of the oxide layer in order to optimize the efficiency. The slope of the line, in Figure 7 , estimates the average growth rate, which is about 0.87 ± 0.04Å/cycle, which was calculated using the mean and standard deviation of the growth rates which were plotted. This is very similar to the work of Niinisto, et al. 8 , who reported a growth rate of 0.9Å/cycle at 300
• C, although they used ≈ 100 times higher O 3 concentration in the feed.
Conclusions
This work has shown that the temperature window where zirconium oxide has self-limiting growth on silicon is about 175-300
• C. This was shown using the precursor Tris(dimethylamino)cyclopentadienylZirconium (ZyALD) and O 3 as the oxidant. Additionally, it was shown that there was a linear relationship between the number of cycles that were run and the thickness of the zirconium oxide film. Samples were run while holding the reactor at 300
• C, and the precursor pulse, precursor purge, oxidizer pulse and oxidizer purge times at 6, 10, 1 and 15 s, respectively. Through analyzing these samples it was shown that the average growth rate of the zirconium oxide film was about 0.87 ± 0.04Å/cycle, the error was calculated by using the standard deviation of all of the growth rates that were plotted in Figure 7 . This is very similar to the work of Niinisto, et al., 8 who reported a growth rate of 0.9Å/cycle at 300
• C. The main difference between their work and the work of this paper was that their ozone source was 5 % ozone while the ozone source used for the work of this paper was 0.1% ozone.
Future work is planned to deposit the oxide layer on platinum so that it can be analyzed electrochemically. The thickness of the oxide layers will be varied and compared to their electrochemical properties to find the optimal efficiency for use as an electrolyte. The ultimate goal is to change the oxide layer to optimize its efficiency as an electrolyte for applications in solid oxide fuel cells.
